A fter acetaminophen poisoning, some patients will develop fulminant hepatic failure. Although many patients will recover fully with appropriate medical management, in some cases, mortality will be high unless liver transplantation is performed. Presently, it is not well known which patients will benefit from the latter procedure. Moreover, as liver transplantation is expensive, requires immunosuppression for life, depends largely on the availability of donors, and its success is not perfect, it is important that criteria be developed to determine its appropriate implementation.
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Over the last 15 yrs, a number of criteria have been developed to identify those patients with fulminant hepatic failure secondary to acetaminophen poisoning who are most likely to benefit from a liver transplant. The mostly widely used criteria are the King's criteria (arterial pH Ͻ 7.30 after adequate fluid resuscitation or the combination of prothrombin time of Ͼ100 secs and creatinine of Ͼ3.3 mg/dL (300 mol/L) and grade III or IV encephalopathy) (1) . However, the use of other criteria such as serial prothrombin time (2) (3) (4) (5) , coagulation factor V and VIII/V ratio (3), factor VIII/V ratio of Ͼ30, or a factor V of Ͻ10% (4, 6), serum Gc protein (7, 8) , and Acute Physiology and Chronic Health Evaluation (APACHE) II score (8) has been proposed. Although promising, reported measures of accuracy for these criteria have varied among studies. The purpose of the present meta-analysis was to systematically review studies investigating these criteria to summarize information across studies, to compare the efficacies of the different criteria, and to identify those that are most likely to benefit the patient and that could be implemented for practical use in a normal clinical setting.
METHODS
Retrieving the Literature. A MEDLINE search for the years 1966 to October 2001 was done with the help of Ovid by using the strategy, exp acetaminophen and exp liver failure or exp liver transplantation or exp mortality or exp prognosis or exp sensitivity and specificity or exp ROC curve or exp meta-analysis or accuracy.mp or criteria.mp or systematic review.mp. The abstracts of these articles were reviewed to identify potentially relevant articles that investigated criteria for hepatic transplantation secondary to acetaminopheninduced liver failure. Articles so identified were then fully reviewed. Case reports and animal studies were excluded. The bibliography of the relevant articles were further crosschecked to search for articles not referenced in MEDLINE. In addition, a number of medical toxicology and hepatology textbooks were also reviewed (9 -19) .
Selection of Studies, Inclusion and Exclusion Criteria, and Data Extraction. All relevant articles were reviewed by two authors independently. Discrepancies or disagreements, if any, on the inclusion or exclusion of studies were resolved by consulting the third author. Studies were included in the meta-analysis only if it was possible to extract the data and reconstitute them in the form of 2 ϫ 2 tables. Some studies assumed that patients undergoing transplantation would have eventually died had they not received the transplant and included them in this category (mortality positive). These studies were excluded from the analysis. The small number of relevant studies precluded the exclusion or inclusion of studies on the basis of methodologic quality. Whenever possible, the raw data were used to construct the 2 ϫ 2 tables. When raw data were unavailable, the tables were constructed using given measures of sensitivity and specificity. The 2 ϫ 2 tables represented patients who either died or survived when they met or did not meet the criteria under study.
Quality Assessment. We evaluated the methodologic quality of the included studies by applying the criteria for assessing designrelated bias recently described by Lijmer et al. (1999) (20) . In most cases, these biases tend to lead to an inflation of the accuracy of the test or criteria under study. We examined each study for the following potential biases: 1) spectrum bias, which could occur when diagnostic accuracy is examined by comparing test results among patients known to have disease and among a group of normal patients (case control study) as opposed to a clinical population covering the spectrum of disease; 2) verification bias, which could exist when the decision to perform the reference test is based on the result of the test under examination (20); 3) selection bias, which could occur when patients are not recruited consecutively and randomly; and 4) investigator bias, which could occur if investigators are not blinded to the results of the study and reference test. In addition to potential limitations in the study design, we examined each study with regard to the methods utilized for data collection and reporting. Insufficient details could hinder interpretation, replication, validation, and generalization of findings. With regard to the present review, we evaluated whether there was adequate description on the nature of data collection (prospective or retrospective), clear definitions for cutoff values for the test criteria, information on treatment with N-acetylcysteine, and information on delay between ingestion and admission or ingestion and treatment (population description). Each of the latter was examined separately, and studies not providing the respective details were classified as not sufficient.
Meta-analysis. The meta-analysis approach that uses linear regression techniques to combine data from independent studies evaluating similar diagnostic tests/criteria and as described by Moses and Shapiro (21) was used. To create the summary receiver operating characteristic (SROC) curve, we first calculated the true-positive rate (TPR) and falsepositive rate (FPR) from each individual study from the reconstructed 2 ϫ 2 tables. They were then converted to their logistic transform (log [TPR/1-TPR] and log [FPR/1-FPR]). The sum (S) and the difference (D) of these logistic transforms were calculated for each study and a regression line fitted to these points, with D as the dependent variable and S as the independent variable (D ϭ a ϩ bS). If the co-efficient was not significant, the values of sensitivity and specificity for constructing the SROC curve were then calculated as follows: sensitivity ϭ 1/(1 ϩ 1/DOR ϫ (1 Ϫ specificity/specificity)). If the co-efficient was significant, the values of sensitivity and specificity required to construct the SROC curve were then calculated as: sensitivity
. For both the abovementioned formulae, one needs to provide values of specificity to obtain corresponding values for sensitivity. We considered values of specificity in the range from 0.5 to 1.0. The resulting values were than plotted in SROC space to obtain the SROC curve. We took into account the differences in sample sizes among the studies by weighting each observation by the reciprocal of the variance of D and performing weighted regression. As these weights are related to the size of D, unweighted regression was also done. To further compare the accuracy between the King's criteria and pH Ͻ 7.30, we calculated the Q value from the SROC curves obtained for each of these criteria. This value represents the intersection point of the SROC curve with a diagonal from the left upper corner to the right lower corner of the ROC space and is a global measure of the sensitivity and the specificity of individual criteria. Sensitivity and specificity are equal on this diagonal line. A higher Q value determines a higher sensitivity and specificity, and thus, a test with a higher value will represent the more accurate test. To enable comparison with other criteria besides King's and pH Ͻ 7.30, we also calculated the positive and negative likelihood ratios for these latter criteria from their respective SROC equations.
Studies evaluating other criteria besides King's and pH Ͻ 7.30 were few. It was not possible to describe them adequately by SROC curves. The FPRs and TPRs from the individual studies were then simply pooled to obtain summary estimates, and likelihood ratios were calculated from these measures.
RESULTS
From the initial search of the MED-LINE database (1966 to October 2001), a total of 502 articles were retrieved. On reviewing the abstracts, 33 articles were retained. On detailed review of these articles and after searching the bibliographies and other related information sources (textbooks), 15 articles were deemed relevant to the meta-analysis (1) (2) (3) (4) (5) (6) (7) (8) (22) (23) (24) (25) (26) (27) (28) . From among these 15 relevant articles, five were excluded: two because the 2 ϫ 2 tables could not be reconstructed and three because the results assumed that subjects undergoing transplant would otherwise have died (Table  1 ). In one study that evaluated multiple criteria, the 2 ϫ 2 tables could be reconstructed for all criteria except the King's criteria (5): the results pertaining to this criterion were also excluded from the meta-analysis. From the remaining nine studies (Table 2) , data extraction was possible for all criteria. Results of each individual study included in the present analysis and their 2 ϫ 2 tables are presented in Table 2 .
As would be expected, none of the studies were free from all the potential biases and limitations described above (Table 3) . Nevertheless, most of the studies were in general of good quality. All were free from spectrum bias and investigator bias, and the majority were free from selection and verification bias. Most of the studies, however, involved retrospective data collection and did not provide sufficient information on lag times between ingestion and admission or ingestion and treatment and whether any treatment was administered.
Estimates of sensitivity and specificity of the different criteria evaluated in more than one study are shown in Table 4 . One study (28) was excluded from the calculation because the sensitivity could not be computed: there was no death. For criteria evaluated in only one study, the sensitivity and specificity were the following: increase in PT day 4, sensitivity ϭ 0.41 and specificity ϭ 0.90 (5); factor V Ͻ 10%, sensitivity ϭ 0.83 and specificity ϭ 0.52 (4); APACHE II score Ͼ 15, sensitivity ϭ 0.81 and specificity ϭ 0.92 (27) ; and Gc-globulin Ͻ 100 mg/L, sensitivity ϭ 0.30 and specificity ϭ 1.0 (8) .
The SROC curve is plotted over the domain of TPR and FPR in Figure 1 for eight studies included in the metaanalysis that evaluated King's criteria. As mentioned above, the study by Gow et al. (28) was excluded from the SROC curve analysis because the sensitivity could not be computed. The SROC curve provides evidence on the individual contribution of each study to the regression analysis. The graph suggests that although six studies conform to the pattern of the curve, two studies behave differently. Study 3 (Donalson et al. (23) ) is a small study that gives perfect results (100% sensitivity and specificity). Study 2 (Schiødt et al. (8) ) is also small and does not provide good diagnostic information as seen by the fact that it falls on the diagonal line. These studies are outliers and probably responsible for the flatness and overdispersion of the SROC curve. We reanalyzed the regression after ex- (27) could not be included in the meta-analysis because the sensitivity could not be computed.
cluding these studies. Figure 2 shows the subsequent plot of the SROC curve obtained for these six studies. This plot is more typical of a SROC curve and is not adversely influenced by extreme values. All studies evaluating the pH Ͻ 7.30 criteria conformed to the pattern of the SROC curve. Figure 2 shows this SROC curve and its comparison with that obtained for King's criteria. Both criteria seem to have similar diagnostic capabilities, although King's criteria seem better as they lie slightly closer to the 1,1 corner of the space. However the Q values calculated from the curves were not different (King's criteria, Q ϭ 0.61 [95% confidence interval, 0.55-0.67] and pH Ͻ 7.30, Q ϭ 0.61 [95% confidence interval, 0.47-0.75]), suggesting that in terms of overall accuracy, there was not much difference between these two criteria.
Likelihood ratios for all criteria studied are presented in Table 5 . Apache II score of Ͼ15 at admission had the highest positive likelihood ratio and the lowest likelihood ratio but was based on only one study. The accuracy estimates for the other criteria except King's criteria and pH Ͻ 7.30 were comparable.
DISCUSSION
The King's criteria are the best known and most widely used prognostic indicators to determine the need for liver transplantation in patients with fulminant hepatic failure secondary to acetaminophen poisoning (1). They were derived from a group of patients with acetaminophen poisoning treated from 1973 to 1985 and validated in another group of patients treated between 1986 and 1987. These criteria were described as having a sensitivity of 72% and a specificity of 92%, for an overall accuracy of 85%. However, since then, other studies have evaluated the King's criteria-in some cases in the same setting, King's College Hospital liver unit (3, 4, 7, 24, 26, 27) , but in other cases, elsewhere (5, 8, 23, 25, 28) . Subsequently, studies have proposed the use of other prognostic criteria such as pH Ͻ 7.30 (1, 3-5, 22, 25) , creatinine of Ͼ300 mol/L (1, 5), combination of PT of Ͼ100 sec plus creatinine of Ͼ300 mol/L plus encephalopathy grade of Ն3 (1, 5, 22, 25) , serial prothrombin time (2-5), coagulation factor V and VIII/V ratio (3), factor VIII/V ratio of Ͼ30 or a factor V of Ͻ10% (4, 6), serum Gc protein (7, 8) , and APACHE II score (27) . The goal of the present study was thus mainly to evaluate Figure 1 . Preliminary summary receiver operating characteristic curve for King's criteria for the eight studies that were included in the summary receiver operating characteristic curve analysis (see text for details for the study inclusion/exclusion). Ovals and circles, studies. Numbers, the study's number. the performance of these criteria and compare their accuracies with those of the widely used King's criteria. Overall in our meta-analysis, King's criteria had moderate sensitivity (69%; range, 55% to 100%) and high specificity (92%; range, 43% to 100%). However, the SROC analysis showed that King's criteria ability to distinguish between subjects requiring transplantation and those who did not seems limited, with a Q value of 0.61: a Q value of 1 reflects a perfect test, and a Q value of 0.5 reflects an uninformative test. In comparison, the pH criteria had similar accuracy (similar specificity and the same Q value), although its sensitivity was slightly lower. All the other criteria had much lower sensitivities and specificities.
An alternative method to evaluate the accuracies of diagnostic criteria is to compare their likelihood ratios (29) . Likelihood ratios are semiquantitative measures of the performance of a diagnostic test that indicate how much a diagnostic procedure modifies the probability of disease (29): the greater the positive likelihood ratio and the lower the negative likelihood ratio, the better the criteria are. For the present study, an APACHE score of Ͼ15 criteria had the highest positive and lowest negative likelihood ratios. However, this criteria was evaluated in only one study. When evaluated on the first day of admission, the APACHE criteria had a sensitivity of 81% and a specificity of 92%, for an accuracy of 90%. In comparison with King's criteria, the APACHE criteria specificity was similar but had a higher sensitivity (Table  4) . One major disadvantage of the APACHE criteria is that it is cumbersome to use. Nevertheless, initial results suggest that it is very accurate and should be evaluated in further studies. King's criteria and pH Ͻ 7.30 had the second and third best likelihood ratios. The low accuracies of the other criteria suggest that they may not be clinically very useful.
Prognostic indicators for death in fulminant liver failure are critical to determine who should need a liver transplantation. These indicators need to be accurate. To be accurate, they need to be highly specific to avoid performing liver transplantation in patients who would have otherwise survived without it (avoid false positives) and to be sensitive enough so as to not miss several patients who would survive from the procedure (avoid false negatives). An important characteristic of the prognostic indicator should be that it could be implemented early enough in the course of the disease such that suitable donors can be recruited before irreversible multiple organ failure precludes liver transplantation. Our results indicate that other criteria with higher sensitivity and specificity comparable with the King's criteria need to be developed. The APACHE score of Ͼ15 may adequately fulfill the above requirements and should be evaluated further.
We used meta-analytic methods to summarize results across different studies. To obtain valid results, appropriate inclusion and exclusion criteria were used. We excluded studies for which it was impossible to reconstruct the 2 ϫ 2 tables (Table 1) . We also excluded studies that considered patients who underwent liver transplantation as patients who would have otherwise died without it. The inclusion of these patients would have falsely increased the accuracy of the studied criteria. As the number of studies were limited, we could not statistically assess the contribution of interstudy variation in population characteristics, study design, methodology, and analysis to the variation in the accuracy measures observed. With regard to differences in population characteristics (population heterogeneity), most studies were done in one center among reasonably similar populations, and hence, resulting differences if any were likely to be minimal.
Furthermore, the evaluation of methodologic quality showed that most studies were largely free from bias, and there were no major differences within studies. Nevertheless, certain important features were of note. As mortality was the outcome evaluated in all the studies, factors that influence mortality could influence the accuracy of the criteria used. For example, the lag time between acetaminophen ingestion and presentation could be important. It is well known that early presentation within 24 hrs is an important determinant of survival (30) . This variable was, however, not evaluated in most studies, and variation could influence the accuracy measures estimated. In addition, it is important to consider whether treatment measures were initiated for the studied populations. It is well established that patients administered nacetylcysteine have a better prognosis (30) . Here again, information on this variable was not available for most studies, and we were unable to account for possible differences among criteriapositive and criteria-negative groups. More studies need to be available for evaluating the contribution of these and other factors to the overall accuracies of selected criteria. Furthermore, some of the criteria could have been used by clinicians to determine the need for liver transplantation, and this could have potentially affected the outcome (mortality). The observation that the APACHE score had the highest likelihood ratio is interesting considering that these criteria were unlikely to have been used by clinicians to determine the need for liver transplantation. Meta-analysis techniques for summarizing diagnostic test/criteria are presently in their development stages (31) . The SROC analysis we have used does not provide the clinician with one unique joint summary estimate of sensitivity and specificity. However, it does provide a reasonable comparison between different criteria and also allows the investigator or clinician to decide on the choice of the most appropriate test suitable for his or her clinical setting. We have further supplemented the analysis by comparing the likelihood ratios for the different studies.
Presently, available criteria used to determine the need for liver transplantation in patients with fulminant hepatic failure secondary to acetaminophen poisoning, including King's criteria, are not very sensitive and may miss patients requiring transplantation. Future studies should further evaluate the efficacy of the APACHE II score criteria and develop newer and more efficient criteria. In the interim, King's criteria should probably be used as the "default" criteria, but their low sensitivity should be taken into consideration. 
